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ABSTRACT 
ANALYSIS OF MAGNETIC CHARACTERISTICS OF 
A BRUSHLESS DC MOTOR TAKING I N T O  ACCOUNT 
THE DISTRIBUTION OF MAGNETIZATION 
TJJakata* I N,Takahashi* and K.Uehara** 
Magnetic 
have been 
magnetization 
magnetization 
characteristics of a brushless d.c. motor 
analyzed taking into account t h e  
distribution in t h e  rotor magnet, The 
is calculated taking into account t h e  
magnetizing process of a magnet, 
This paper describes a method f o r  calculating the  
magnetization in t h e  magnet, and the effects of t h e  
pattern of magnetization distribution and the shape of 
the  coil on torque ripples, The calculated results are  
i n  good agreement w i t h  t h e  results measured. 
Because the flux distribution and the torque 
Characteristics can be calculated, the optimum design 
of t h e  brushless d.c. motor will be possible without 
repeating a trial manufacture.  
1. INTRODUCTION 
In order to miniatur ize  a brushless d.c, rnotorll] 
and to decrease i t s  torque ripple, it is necessary to 
know accurately t h e  flux dlstributlon i n  t h e  motor, 
The magnetlzatian distribution in the rotor magnet, 
however, was unknown, because the analysis of 3D 
magnetic Eield in a magnetizer for the rotor magnet was 
difficult, Therefore, the precise analysis of 
magnetic field could n o t  be anticipated. 
Moreover, the shape of the coil of the motor is 
gene ra l ly  three-dimensional, and interllnkage flux of 
the coil var i e s  w i t h  the rotat ion of the  rotor magnet. 
Therefore, it was difficult to predict the torque 
ripple, which is a function of the rotor position, 
Several  methods have been xeported for  t h e  
analysis of similar types of motors, In scalar 
potentla1 method12 1,  it i s  difficult to analyze 
magnetic field produced by an exciting coil of the 
magnetizer, because the scalar potential cannot be 
defined- in t h e  current region, On the other  hand, in 
the Integral Equation Method[33, the ca lcu la t ion  
becomes very much complicated, Therefore, the FEM 
using magnetic vector potentials is used to analyze the 
magnetic fields of the magnetizer and the motor, 
because. t h e  magnetic field produced by an e x c i t i n g  coil 
can be analyzed using the magnetic vector potential. 
Then, a new method for  calculating magnetization 
distributlon in the ro to r  magnet is developed by 
modifying the conventional finite element method, which 
represents magnetic f i e l d s  b y  Fourier seriesC41. The 
magnetization distribution in the rotor magnet is 
calculated taking i n t o  account t h e  magnetizing process 
of magnets, The torque characteristics can be 
estimated from the 3 D  f l u x  distribution, which is 
calculated using the magnetization. 
I n  this paper, t h e  new method is explained, and 
t h e  effects of t h e  pa t te rn  of magnetization 
distribution and the shape of t h e  coil on torque 
ripples are described, The validity of t h e  analysis is 
clarified by comparing calculated results with measured 
ones. 
I 
2, BRUSHLESS DC MOTOR AND MAGNETIZER 
F i g u r e  1 shows t h e  analyzed brushless d,c, motor 
far a 3.5-inch floppy disc drive, The motor has six 
coifs and is driven by a three-phase switching circuit, 
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For example, coils C1 and C4 are serially connected, 
and currents in these coils are controlled b y  t h e  
o u t p u t  of Hall sensor H 3 ,  The maximum current of t h e  
coil is 170(mA), The rotor magnet is made of a 
ring-shaped ferrite which is  magnetized i n  t h e  
z-direction i n  10 poles IBr=0,42(T), Hc=2.3X1O5(A/m)). 
The yoke of the rotor is made of soft iron, 
The r o t o r  magnet is magnetized by a magnetizer 
shown in Fig.2, Figure  2 ( c >  denotes t h e  cross sect ion 
on the line e=O in Fig.2(b), The magnetizing coi l  is 
made of copper, The pole pieces and t h e  yoke are made 
of soft iron. The peak value of the impulse current I 
is 6000(A), 
The effects of three k i n d s  of patterns of 
magnetization distribution denoted i n  F ig .3  on the  
torque ripples are investigated. The central angle a 
of t h e  coil shown i n  Fig.l(a) is varied from 24' to 36O 
i n  order to analyze  t h e  effects of the shape of the 
coil on the torque ripple. Coil wid th  W, shown ~n 
Fig.l(a), is varied w i t h  angle ot i n  order to obtain a 
maximum torque in a limited space, T'able 1 shows t he  
relationships among coil wid th  W, t h e  number of turns N 
per coil and angle ~1 of t he  coil, 
Hall 
sensor 
( a )  configuration of coils 
and Hall sensors 
shaft W bearing 
( b )  cross-sectmn of motor 
Ficj.1 Brushless d.c ,  motor, 
3,METHOD OF ANALYSIS 
Magnetic f ie lds  with permanent magnets can be 
represented by t h e  following Poisson's equation: 
where A, J and MI are the vector potential, t h e  c u r r e n t  
density and t h e  magnetization, V and vo are t h e  
reluctivities of iron and air respectively. 
As the magnetic f i e l d  in t h e  brushless d,c, motor 
varies periodical1,y i n  the @-direction, A, J and MI can 
be represented by Fourier series as follows: 
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Fig.3 Investigated patterns 
of magnetization, 
Table 1 R e l a t m n s h i p  among central 
angle a, number of t u r n s  N 
and coil width  W, 
tl I 
Fige4 Approximatmn of B 
and M. 
J 
where,  r r  0 and z, represent each component and tl 
denotes n-th harmonic, Here, p is t h e  number of pole 
pairs,  In Eq.(2), it is assumed that the magnetization 
,of the magnet has only z-component. Because the 
z-component of the current J does n o t  exist in t h e  
brushless d,c. motor, o n l y  the r- and 8- components of 
A and d are considered in the calculation, 
The following equations can be obtained from 
Eqs.(l) and (21: 
The magnetic field, which varies periodically i n  
the 6-direction, can be calculated from Eqs.(3) and ( 4 )  
by treating A m  and A0n as unknown values, 
If the magnetic characteristics of iron are 
represented by Eq.(5), the pale piece can be treated as  
a magnet, 
A 
B = l l / v 0 + M  ( 5 )  
where H is magnetic field intensity. 
I n  t h e  hatched p a r t  of Fig.2 ( c )  I the pole piece 
and the magnet iz ing  coil are set alternately in the 
&direction, Therefore, it can be assumed that flux 
density B and magnetization M in the pole piece can be 
represented by a square wave, as shbwn i n  Fig.4. 
I n  conclusion, the magnetic characteristics of the 
pole piece, the shape of which v a r i e s  in t h e  
@-direction, can be represented by magnetization M 
denoted in Fig.4. A l t h a q h  the v a l u e  of magnetization 
M i n ' t h e  p l e  piece is unknown, t h e  calculation is made 
possible by introducing the iteration technique. 
From t h e  3D flux distribution data obtained, 
variation of torque with rotor position was calculated 
t a k i n g  into account the complicated structure of t h e  
coil of the motor, The torque of the motor is 
calculated by d i v i d i n g  a coil into small parts and 
multiplying flux density, the current, t h e  coif length 
and t h e  radius  in each par t ,  
Magnetization M i n  the magnet is determined t a k i n g  
i n t o  account t h e  magnetizing prqpess of the rnagnet[5], 
\ 
, I  
4. RESULTS AND DISCUSSIONS 
Figure 5 shows the magnetization distribution 
at p i n t  Q denoted in Fig,l(b), 
F i g u r e  6 shows the calculated and measured f l u x  
densi t ies  Br, and Bz at p o i n t  P denoted i n  Fig.l(b). 
The f l u x  d e n s i t y  is measured by a Hall sensor, In 
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Fig.5 Magnetization distributio,n~caIculated,~=30"~. 
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this case, the s ta tor  yoke shown in Fig,l(b) is removed 
in order to perform t h e  experiment in an easy manner. 
Because the rotor magnet is magnetized in 10 poles, 
north and south  poles oppose each other with' respect to 
the z-axis a s  shown i n  Fig,2(b). Accordingly, there 
exis ts  r-directional component Br, Figure 7 shows t h e  
torques. The torque is measured using a s t r a i n  gauge. 
The calculated results agree well w i t h  the results 
measured. 
Figure 8 shows the effects of the pattern of 
magnetization distribution denoted i n  Fig.3 on the flux 
distributions and torque characteristics, The torque 
becomes a maximum value in the case of t h e  square-wave 
magnetization, because the flux produced by t h e  magnet 
reaches a maximum, 
Let us define a torque r ipp le  rate E by 
(maximum torque)-(rninimurn torque) 
(average torque) 
€ =  X 1 0 0 ( % )  
O o 2 r  - calculated 
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The values of E are 14,3(%),14,0(%) and 14.1(%1, f o r  
square-, t rapezoidal-  and cosine-wave magnetizations, 
respectively. The pa t te rn  of magnetization 
distribution does n o t  affect t o r q u e  ripple 
significantly. Therefore, it can be said tha t  
square-wave magnetization is t h e  most suitable for  a 
brushless d,c, qotor. 
F igu re  9 shows the effects of t h e  central  angle a 
on t h e  torque "characteristics. In t h i s  case, the 
magnet has square-wave magnetization. The values of € 
are 15,0(3), 14.3(9) and 16.5(%5 when a is 2 4 6 ,  30° and 
36*, respectively. The ' torque with t h e  maximum 
amplitude and minimum ripple can be obtained when the 
angle 01 i s  30'. 
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Fig,g Effects of t h e  shape of coil 
(square wave magnetization), 
A precise simulation of corque characteristics of 
a brushless d,c ,  motor has become possible by taking 
into account the magnetization distribution in t he  
rotos magnet. As t h e  effect of the pa t t e rn  of 
magnetization distribution and t h e  shape of the coil on 
flux distributions and torque ripples can be 
calculated without repeating a trial manufacture, the 
optimum design of the motor will be possible, 
As the coil shape is a function of the central 
angle, number of turns  and coil width,  it is not easy 
to differenciate various reqsons f o r  torque ripples. 
The paper which discusses such reasons will be reported 
l a t e r .  
It is hoped t h a t  o u r  method will clarify the 
detailed behaviour of fluxes and torques of other 
motors such as core-less motors, l i nea r  motors, etc,  
This method also g i v e s  u s e f u l  suggestions for the 
optimum design of brushless d.c. motors, 
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Fig.8 Effects of the  pattern of magnetization 
distribution(calculated,~=30°]. 
